A comprehensive study of the doping dependence phase diagram of FeSe-based superconductors is still required due to the lack of a clean and systematic means of doping control. Here, we report on the magneto-optical imaging, thermodynamic and transport properties, as well as in-situ angleresolved photoemission spectroscopy (ARPES) studies, on the impurity scattering in stoichiometric FeSe single crystals. Co doping at the Fe site, is found to decrease the superconducting transition temperature (Tc). The upper critical field and specific heat all indicate a possible multiband with strong coupling superconductivity in the Co-doped system. A remarkable feature in FeSe is that its temperature dependent resistivity exhibits a wide hump at high temperatures, signature of a crossover from a semiconducting-like behavior to metallic behavior. ARPES data between 180 K and 282 K indicates the existence of chemical potential shift with increasing thermal excitations, resulting in a change of the Fermi surface topology and exhibiting a semi-metal behavior. We found that the temperature induced-Lifshitz transition is much higher than the temperature for the nematic order. A structural tetragonal-to-orthorhombic phase transition (Ts) (consequence of the electronic nematicity) is suppressed by either physical or chemical pressures. Due to the reconstruction of the Fermi surface at Ts, specific heat anomalies at Ts present ∆Cp/Ts ≈ γn, the Sommerfield coefficient at low temperature. This reflects additional electronic instability in the FeSe1−xSx system.
I. INTRODUCTION
The majority of the parent and underdoped compounds of iron-based superconductors exhibit a stripetype long-range antiferromagnetic order, accompanied by a nematic order 1 . Superconductivity in these materials emerges when the magnetic and nematic order are partially or completely suppressed by chemical doping or by the application of pressure 2, 3 . This is because the interaction that drives the nematic order may also mediates the Cooper pairing. This emergence and strengthening of antiferromagnetic order was directly evidenced by muon rotation spectroscopy 4, 5 . Therefore, there is a great deal of interest and excitement in understanding the microscopic origin of nematicity in iron based superconductors. Among iron-based superconductors, FeSe exhibits intriguing and distinctive properties, which are currently the research focus in the field of high temperature superconductors [6] [7] [8] . Undoped FeSe possesses a nematic order below 90 K and becomes superconducting below 8 K 9,10 . The most interesting property of these materials is not only the pressure or strain increasing the T c , but a giant enhancement of the superconductivity at the FeSe/SrTiO 3 (STO) interface, where the strain drastically changes the parameters of the magnetic subsystem in FeSe 11 . It seems that STO provides phonons that enhance superconductivity in single-layered FeSe 12, 13 .
However, whether the nematic order is driven by spin or orbital fluctuations is still hotly debated. The orbital fluctuation mechanism produces a sign preserving s ++ -wave pairing, where the order parameters of the electron and hole pockets do not change their relative signs 14, 15 , while the spin fluctuation mechanism favors a sign-changing s-wave pairing, where the electron and the hole Fermi surfaces have order parameters with opposite signs 16, 17 . Furthermore, in the spin-fluctuation-based pairing theory the possibile existence of order-parameter nodes is reported in both singlet and triplet superconducting states 18, 19 . Although impurity scattering shows a pair breaking effect, there are different opinions on the possible pairing symmetry; for instance, the suppression of superconductivity by the Co replacement on the Fe sites 20 . However, superconductivity suppression is much slower than that expected in a s ± -pairings, and thus supports sign-preserving s-wave pairing. In contrast, in Co-doped Ba(Fe 1−x Co x ) 2 As 2 , a believed s ± -pairing superconductor, increasing the Co concentration leads to an enhancement of the critical temperature T c up to 26 K, instead of effectively suppressing the superconductivity 21 . Impurity scattering in high temperature superconductors is a critical parameter that governs the electron correlations and ground states. This helps to understand the interplay and mechanism of different phases and investigates rich phase diagrams. Nevertheless, due to the lack of clean and systematic means of a doping control, a comprehensive study of the doping dependence phase diagram of an FeSe based superconductor is still lacking. With the hope of filling this gap, we report here on the effect of impurity scattering on superconductivity and tetragonal-to-orthorhombic phase transition in FeSe. Transport data at higher temperatures in FeSe exhibits a wide hump with a crossover, probably from a semiconducting-like behavior to a metallic behavior. This is supported by ARPES data at higher temperatures, where the data shows a change in the Fermi surface topology and, therefore, exhibits a semi-metal behavior. Additionally, the temperature induced Lifshitz transition is found to be much higher than the temperature for the nematic order.
II. EXPERIMENTAL
The conductance anisotropy in layered material single crystals is large, so a traditional four-terminal method measuring the resistivity along the ab plane, ρ ab , may be unreliable 22 . In view of this fact, we used six terminals to determine each principal component of resistivity. In the latter method, the current was injected through the outermost contacts on one surface whereas voltages were measured across the innermost contacts of each surface. The Laplace equation was solved and inverted to find ρ ab 23 . In addition, this method allowed the sample homogeneity to be tested by permuting the electrodes which were used for the current and voltage 22, 23 . We investigated selected plate-like FeSe, FeSe 1−x S x , and Fe 1−x Co x Se single crystals, grown in an evacuated quartz ampoule, using the AlCl 3 /KCl flux technique with a constant temperature gradient of 5
• C/cm along the ampoule length. The temperature of the hot end was kept at 427
• C, and the temperature of the cold end was about 350-330
• C. The phase purity of the resulting crystal was checked with x-ray diffraction. The chemical compositions of the crystals were studied using a digital scanning electronic microscope TESCAN Vega II XMU with the energy dispersive micro analysis system INCA Energy 450/XT (20 kV) . The good quality of the crystals was confirmed by a sharp specific-heat jump, a complete superconducting volume, and sharp superconducting transition [24] [25] [26] [27] . The resistivity and thermodynamic measurements were measured in a Quantum Design Physical Property Measurement System (PPMS) with an adiabatic thermal relaxation technique. The visualization of the magnetic flux landscape was performed through the Faraday rotation of linearly polarized light in a Bi-doped yttrium iron garnet with in-plane magnetic domains; a technique known as magneto-optical imaging (MOI) 28, 29 . This technique requires planar surfaces in order to ensure good proximity of the magneto-optical layer to the sample. To that end, we cleaved large single crystals using a traditional scotch tape method on both sides and thus obtained flat samples on the mm scale length. Our ARPES data was gathered under an ultra-high vacuum of 1.5×10 −11 mbar, with a SPECS UVLS discharge lamp (21.2eV He-I α) and a Scienta R4000 electron analyzer. The energy resolution is 8 meV and the angular resolution is 0.3.
III. RESULTS AND DISCUSSION
A. Magneto-Optical Imaging Figure 1 summarizes the most representative results obtained by MOI for a FeSe crystal (upper row) and for a 9% S-doped FeSe crystal (lower row). Panels (a) and (e) show an optical microscopy image of the investigated samples. In (a) clear straight lines manifest the presence of terraces following the main crystallographic axes of the crystal. The second column in Fig. 1 [i.e. panels (b) and (f)], shows the magnetic field landscape obtained by the MOI technique at a magnetic field H = 3 Oe, applied after cooling the sample down to 4 K. In these very weak fields, little flux penetration is observed into the sample, which is indicative of the Meissner phase. These images clearly illustrate that a macroscopic superconducting current is able to circulate in the entire sample surface and effectively screen the applied external field. This behavior contrasts with the field penetration in polycrystalline FeSe tapes, where a considerable distribution of T c and weak-link features has been reported 30 . In the third column in Fig. 1 , panels (c) and (g) show the magnetic field penetration at higher applied fields. Both samples exhibit a highly inhomogeneous field penetration. Indeed, the field advances into the sample by following two well defined perpendicular directions. The fact that one of these directions is aligned with the observed terraced in the original optical image leads us to believe that the magnetic flux penetration is also aligned with the crystallographic axis of the orthorhombic structure. This is consistent with the recent finding of vortex trapping into twin planes in stoichiometric FeSe samples. 31 . It is worth noting that the observed field penetration substantially departs from the critical state model typically applied for extracting the critical current density in hard type II superconductors. As such, critical currents obtained from macroscopic magnetization loops should be interpreted with caution 32 . In the rightmost column of Fig. 1 [ panels (d) and (h)] the average intensity was recorded as a function of temperature in a square area of 50 µm × 50 µm in the center of the sample, which was set in a remanent state after field-cooling in H = 1 mT and subsequently set H = 0 mT. From these measurements it is easy to identify the superconducting to normal tran- 10 , but also to slight changes from the ideal 1:1 ratio in FeSe, leading to severe changes of their superconducting properties. For instance, the low field magnetization data of various FeSe 1+δ samples showed that the strongest superconducting signal occurs for the most stoichiometric sample, whereas it has been shown that in the FeSe 0.82 case, there is no superconducting signal 33 . We should note that the lower of the superconducting transition in Co doped FeSe suggests the strong pair breaking effect of Co in heavily electron doped FeSe. However, it is not certain whether Co in FeCoSe is a magnetic or non-magnetic impurity at the moment. Although Co is generally considered as nonmagnetic in Fe-based superconductors, it is shown that Co may behave as magnetic impurities in overdoped Ba(Fe,Co) 2 As 2 due to the incomplete charge transfer 34 . As shown from our results, the electron doping of 7% in Co doped FeSe is limited by the solubility of Co. Some Co atoms that incomplete transfer electrons to FeSe may act as magnetic impurities. In addition, Co doping cause strong single particle scattering effects, which is also harmful to the superconductivity 35 .
The temperature dependence of the specific heat as C P /T vs. T in zero field is shown in Fig. 2(b) . The sharp diamagnetic signal in the ZFC data and the specific heat jump confirm bulk superconductivity in the investigated systems. In Fe 1−x Co x Se, the estimated universal parameter ∆C el /γ n T c of the specific heat at T c is ≈ 2.14, 2.05, 2.12 and 1.82 mJ/mol K 2 for x = 0, 0.012, 0.024, and 0.04, respectively. These values are very close to the FeSe 1−x S x system 26 . The specific heat for x = 0.07 does not show any indication of superconductivity. This is very interesting because we can safely ignore the spin-fluctuation contribution to the specific heat in this system and can use it to remove the phonon contribution. However, jumps of specific heat at T c in these materials are higher than the prediction of the weak coupling BCS theory (∆C el /γ n T c = 1.43). As the superconducting transition is relatively sharp in our single crystals, a distribution in T c or the presence of impurity phases cannot explain the larger value of the normalized specific heat jump. Therefore, the values of the normalized specific heat jump evidence the presence of a stronger-coupling strength in Fe 1−x Co x Se. Additionally, as highlighted in our previous paper 26 , the normalized specific heat jump reveals the presence of strong coupling superconductivity in FeSe 1−x S x . Figure 2 (c) presents the temperature dependence of the ac susceptibilities for Fe 0.988 Co 0.012 Se. The measurements were done in an ac field with an amplitude H ac = 5 Oe and a frequency f = 1 kHz at different applied magnetic fields up to 9 T parallel to the c axis. The transition temperature T c has been extracted from the bifurcation point between the real and imaginary part of the ac susceptibilities χ and χ . In zero field, the superconducting transition is seen around 7.5 K, and shifts to lower T when the field is increased. Figure 2 (d) summarizes the temperature dependence of the upper critical field H c2 for the c orientation of the Fe 0.98 Co 0.012 Se sample. The small differences observed between the data obtained from the specific heat and the ac magnetization for H c are not surprising because these methods naturally imply different criteria for the T c determination. In order to determine the upper critical field H c2 for the c orientation, we used the single-bandWerthamer-Helfand-Hohenberg (WHH) formula 36 for an isotropic one-band Bardeen-Cooper-Schrieffer (BCS) superconductor in the dirty limit. An example of WHH fitting is shown with the dashed line in Fig. 2(d) . The WHH theory (α = 0, λ so = 0) predicts the behavior of H c2 (T c ), where α is the Maki parameter which describes the relative strength of orbital breaking and the limit of paramagnetism, and λ so is the spin-orbit scattering constant 36 . Using the data in Fig. 2(d) , the upper critical field value at T = 0 for the Fe 0.98 Co 0.012 Se system was evaluated to be ≈ 11.5 T. It is evident that the one-band WHH model fails to satisfy the extracted H c2 (0). Using an additional two-band model with s-wave-like gaps, the temperature-dependence of the electronic specific heat data in Fe 1−x Co x Se can be well described. Whereas single-gap BCS theory under the weak-coupling approach cannot describe our data (the data will be published elsewhere). Therefore, we believe that the observed deviation from the single-band WHH model is related to multiband effects in Co-doped FeSe.
Structural transition
To investigate the nature of tetragonal-toorthorhombic phase transition in FeSe 1−x S x , we conducted specific heat and electrical resistivity ρ(T) measurements. Specific heat data was collected up to 200 K for FeSe 1−x S x (x = 0, 0.04 and 0.11) and is presented in Fig. 3 . Clear and sharp anomalies were resolved at the structural phase transition, hinting that an electronic structure transition took place and is a consequence of the nematic electronic transition.
Data for the FeSe superconductors shows a very sharp orthorhombic phase transition at 87 K (upon heating), with a width of about 2 K. Upon S-doping, the structural anomaly of the parent compound gradually shifted to lower temperatures down to 81 K and 72 K, for x = 0.04 and 0.11 respectively. The error in the determination of the T s transition temperatures is estimated to be around 1 K when we consider the fact that the peak in the first derivative of the specific heat is relatively sharp. The specific heat anomaly at T s gives ∆C p /T s ≈ 5.57, 5.43, and 4.1 mJ/mol K 2 for x = 0.04 and 0.11, respectively. Interestingly, the value of these anomalies at T s is very close to the Sommerfield coefficient, γ n , at low temperature 26 . This can be directly linked to the reconstruction of the Fermi surface at T s and reflects an electronic instability in our investigated systems. The electronic instability is supported by the field dependence of the magnetotransport at 12 K, which shows an abrupt sign change, suggesting a drastic reconstruction of the Fermi surfaces across the structural transition 37 . In addition, ARPES data at 30 K shows two holelike bands at the M point, in contrast with the single holelike band seen at 120 K 38 . This is likely caused by the formation of electronically driven nematic states.
The resistivity ρ(T ) for FeSe 1−x S x is shown in Fig. 4 . All compounds are metals with resistivities ρ(250K) varying from 0.708 mΩ.cm for the parent compound (see Fig. 5 ) to 0.36, 0.52 mΩ.cm for x S = 0.19 and x Co = 0.04 respectively. This reflects the good quality of the investigated crystals. The upper inset presents the derivative of resistivity curves for x = 0.04, 0.09, and 0.11. With increasing S doping, the nematicity is shifted to lower temperature and disappears under heavy doping. Simultaneously, the resistivity shows a drop at lower temperatures and zero resistivity at optimal doping with T c = 11.5 K, indicating the coexistence of nematicity and superconductivity. This coexistence is observed up to x =0.15 and no anomaly is associated with the nematic order for x = 0.15 and 0.19. The lower inset in Fig. 4 presents the temperature-dependence resistivity of FeS 0.81 S 0.19 in various applied magnetic fields up to 3 T parallel to the c axis. T s
The temperature dependence of the in-plane resistivity of FeSe by chemical and physical pressures in zero field. Increasing the pressure leads to a suppression of the nematic order state and to further suppression of the wide hump at higher temperate. The lower inset presents the derivative of an FeSe curve, displaying a sharp minima at Ts and maximum at T * . The upper insets shows the derivative curves for xCo = 0.04 and xS = 0.19. the specific heat. It is obvious that the dρ/dT in FeSe at ambient pressure exhibits a remarkable feature with sharp minima at T s and a maximum at T * associated with a wide hump at high temperature, which shows a crossover from a probable semiconducting-like behavior to metallic behavior (see the inset in Fig. 5 . A similar and consistent issue concerning the wide hump has been previously reported 6, 39 . However, the origin of this crossover at high temperature could be associated with a change of carrier density. The values of T s and T * were obtained from the features in the resistivity derivative: insets of Figs. 3 and 4 . However, the hump phenomenon has been found in other iron-selenide, K x Fe 2−y Se 2 , superconductors 40, 41 , but it was not present in FeAs-based superconductors, where resistivity data for the pristine or doped compound exhibit a metallic behavior over the entire temperature range 42 . More interestingly, T c , T s and the maximum in dρ/dT are suppressed by increasing the Co or S-doping in FeSe. Upon compression to 1.6 GPa, the structural transition becomes significantly suppressed with increasing the pressure. Therefore, the structural transition in FeSe is initially suppressed under applied physical pressure with a similar manner to the chemical pressure effect of S substitution. A remarkable observation upon compression is the linear behavior of resistivity below 400 K, which is also reported for other Febased superconductors 43 . Nuclear magnetic resonance (NMR) measurements on FeSe show that with cooling below T s spin fluctuations exists and even increases upon applying hydrostatic pressure 44 . Therefore, we cannot evidence the linear behavior of resistivity in FeSe upon compression with the strength of antiferromagnetic spin fluctuations.
C. Electronic phase diagram
Using the experimental results of the thermodynamic and electrical resistivity data, we summarize the evolution of the distinct features of impurity scattering in the FeSe system. The T c , T s , and T * of FeSe 1−x S x single crystals, as a function of the S content, are shown in Fig. 6 . Both T s and the maximum of the dρ(T )/dT , T * , are intimately linked, even for under/optimal doping. In the overdoped regime these linked features are suppressed by doping and disappear at x = 0.15. However, we shallow the area of the T * in the main panel of Fig. 6 . The inset of Fig. 6 illustrates the electronic phase diagram of Fe 1−x Co x Se. This correlated suppression of both T s and T c could be related to the orbital fluctuation induced by either Co or S substitutions. Additionally, the nesting between electron and hole pockets plays an important role in this suppression of structural ordering in Febased superconductors 45, 46 . Recently, the superconducting transition was enhanced in K-dosed FeSe. Although the competition between nematicity and superconductivity likely plays an important role in the enhanced superconductivity, it does not imply that this is the single cause for the superconductivity enhancement 47 . Nevertheless, in our case upon S doping and once nematicity is suppressed, superconductivity starts to decrease. Coconcentrations shows suppression of both nematicity and superconductivity in FeSe. This is in contrast to Codoped Ba(Fe 1−x Co x ) 2 As 2 where superconductivity is enhanced instead by the suppression 21 . Therefore, we think that we cannot rule out other roles of charge doping besides suppressing nematicity. Although the K-dosed FeSe and FeSe under high pressure both show suppressed nematicity and an enhanced T c around 40K, they are different in several important regards: (i) The K dosed FeSe is heavily electron doped with only electron Fermi surfaces, while the FeSe under pressure should be undoped with very different Fermi surface topology, and (ii) FeSe under high pressure shows a compressed lattice and reduced anion height, due to the external pressure, compared with K-dosed FeSe.
Despite this, whether the nematic order is driven by a spin or an orbital fluctuation remains controversial. If orbital ordering is the efficient cause, the phase below the nematic breaks C 4 symmetry, and quantum fluctuations associated with this phase are nematic in character [48] [49] [50] . However, the resistivity data exhibits a nonFermi-liquid-like behavior above T c , which would suggest orbital fluctuations exist below the nematic order 49 . Additionally, there is no change of the T s anomaly under 9 T in transport and specific heat measurements of FeSe (not shown), which might indicate that spin fluctuations are not involved directly in the structural transition. However, recent sound experimental studies on the origin of the nematic phase in iron chalcogenides reach opposing conclusions and this question remains highly debated. Experimental evidence of the existence of strong nematic fluctuations up to 200 K has been reported in Ba(Fe,Co) 2 As 2 51 . However, NMR measurements suggest the absence of spin fluctuations above T s in the tetragonal phase and spontaneous orbital order has been invoked which explains the nematic state in FeSe 7, 9 . In contrast to the NMR data, recent neutron scattering measurements reveal substantial spin fluctuations in the tetragonal phase in FeSe
52 . These measurements demonstrate that the absence of spin fluctuations suggested by NMR is simply due to the opening of a 2.5 meV spin gap in a quantum nematic paramagnetic state (NMR only probes very low energy spin fluctuations). Furthermore, very recently, Glasbrenner et al. 53 have shown that the longrange magnetic ordering in FeSe is prevented by the excitation of spin fluctuations, but allows the usual spindriven nematic order. Additionally, the spin-driven nematic order is also accompanied by a ferro-orbital order.
D. ARPES
However, to comprehend the shallow area of the T * in the main panel of Fig. 6 , it is also very interesting to comprehend the real band structure. Additionally, the hump at elevated temperatures seems to be a standard feature of any degenerated semiconductors observed many times in various systems 54 , which only reflects the crossover between semiconducting and metallic behavior. In order to further explore this behavior at higher temperature above structural transition, we performed an ARPES measurements at different temperatures above the nematic transition temperature in The temperature induced chemical potential shift has been observed in several materials, such as Ba(Fe,Co) 2 As 2 55 , Ba(Fe,Ru) 2 As 2 57 and WTe 2 56,58 . The origin of the shift has been explained by the thermal excitations of carriers in semimetals, where the top of the hole bands and bottom of the electron bands are close to the chemical potential within the energy range of thermal broadening. As calculations show in 55, 56 , the numbers of hole and electron carriers both increase with increasing temperature due to thermal excitation. However, if the chemical potential µ were fixed, the increased number would have been different for hole and electron carriers according to the calculations 55, 56 . To avoid this, charge carriers redistribute from holes to electrons to keep the conservation of the net charge of carriers (proportional to the filling), resulting in the chemical potential shift and a Lifshitz transition 55, 56 . For FeSeS, the observed semimetal behavior of electronic structure meets the prerequisite of the scenario proposed in Ref. 55, 56 , and can qualitatively explain the shift of chemical potential observed here.
IV. CONCLUSION
To summarize, from extensive thermodynamics, transport, and ARPES studies, we report on the effect of Co and S substantiation on the superconductivity and structural transition/orbital order in FeSe. Images of the magnetic flux penetration in the whole sample show that it strongly departs from the Bean critical state model, often applied to hard type-II superconductors such as iron-based superconductors. We demonstrate that ∆C p /T s ≈ γ n in S-doped systems due to the reconstruction of the Fermi surface at T s , which reflects an electronic instability in this system. We have shown that FeSe exhibits remarkable features with a wide hump at high temperature, suppressed by Co or S doping or external pressure. This hump, together with the nematic order, was suppressed by further doping. Our ARPES data between 180 K and 282 K indicates that chemical potential shift with increasing thermal excitations exists, resulting in a change of the Fermi surface topology. In addition, the temperature-induced Lifshitz transition is similar to WTe 2 and Ba(Fe,Co) 2 As 2 is observed. Our results establish the correlation between superconductivity and the nematicity.
